The microstructure of plastically deformed Al-5.9%Mg-0.3%Sc-0.18%Zr alloy has been investigated. The severe plastic deformation has been performed by high pressure torsion straining (HPT) up to 15 revolutions at room temperature. The microstructure as a function of the number of revolutions is studied by X-ray diffraction peak profile analysis. It is concluded that the HPT technique results in nanostructure even after 0.5 turn with very high dislocation density. The crystallite size decreases and the dislocation density increases with the number of revolutions, however, after five turns they go into saturation. The edge and the dipole character of the dislocation structure becomes stronger with the increase of the number of revolutions. The value of the crystallite size determined by X-ray peak profile analysis is a bit smaller than the grain size obtained by transmission electron microscopy (TEM).
Introduction
It is well known that alloying of aluminium with scandium with appropriate selection of the composition results in the increase of the recrystallisation temperature above the solidus temperature [1] . As a consequence of this, the heat-treatment of the alloy does not result in grain-growth preserving the high value of the strength. The increase of the recrystallisation temperature is caused by the formation of coherent Al 3 Sc phase in the grain boundaries which hinders the grain boundary motion in the Al alloy [1, 2] . During the long term heat-treatments of the Al alloys, the grain boundary pinning capability of Al 3 Sc particles tends to decrease due to the dissolution and the corsening of these precipitates [1, 2] . For increasing the thermal stability of Al 3 Sc particles, Zr is added to Al alloys together with Sc [1] . The Al 3 (Sc 1-x Zr x ) phase formed in these alloys preserves all of the positive effects of Al 3 Sc mentioned above [1, 2] . The need of producing bulk nanostructured Al alloys leads to the elaboration of the severe plastic deformation (SPD) techniques. In the recent years the SPD methods, e.g. high pressure torsion (HPT), have been widely and successfully used for producing ultrafine grained structure in Al alloys [3, 4] . This nanostructure can be retained even at high temperatures with the addition of Sc [5] . The grain size of Al-Sc alloys produced by SPD can be further reduced by adding Mg [5, 6] . It was found that the Mg concentration has a strong effect on the superplastic behaviour of these alloys [6] .
The analysis of the X-ray diffraction profiles provides information about the microstructure of materials with good statistics. The development in the computer technique permits the fitting of the whole diffraction profiles by theoretical functions calculated on the basis of the model of the microstructure [7] [8] [9] [10] . These procedures provide the shape and the size distribution of the crystallites and parameters characterising the defect structure of the crystal lattice. Using the peak profile functions calculated for dislocations, the density and the dipole character of dislocations as well as the dominant dislocation slip system can be determined [11] .
Although the effect of the Sc, Zr and Mg additions on the recrystallisation resistance and the strength of the aluminium alloys has been extensively studied [e.g. 1, 6] , only little information exist on the effect of the extent of SPD on the microstructure of Al-Mg-Sc-Zr alloys. In this paper the forming of the nanostructure in Al-5.9%Mg-0.3%Sc-0.18%Zr alloy during HPT is studied by X-ray peak profile analysis. The changes of the crystallite size and the dislocation structure as a function of the number of revolutions are discussed and compared with the results of transmission electron microscopy (TEM).
Experimentals
An aluminium alloy with the composition of Al-5.9%Mg-0.3%Sc-0.18%Zr was deformed by HPT. The deformation was performed under 4 GPa pressure on Bridgman anvil at room temperature. The samples of 15 mm in diameter and 0.6 mm in thickness were deformed by torsion of 0.5, 1, 3, 5, 10 and 15 rotations. The microstructure of the high pressure torsion strained specimens was studied by X-ray diffraction peak profile analysis. The diffraction profiles were measured by a Philips X'pert powder diffractometer using Cu anode and pyrolithic graphite secondary monochromator. The instrumental corrections were made by using the powder pattern of a Si standard (NBS 640a) and the usual Stokes correction procedure. The first 8 reflections were evaluated by the method of Multiple Whole Profile fitting as it is described in Section 3 of this paper.
The microstructure was also investigated by TEM using JEM-100CX microscope. The average grain size was measured on the dark-field micrographs by the linear intercept method.
Evaluation procedure of the X-ray diffraction profiles
The X-ray diffraction peak profiles were evaluated by the Multiple Whole Profile (MWP) fitting procedure [9, 10] . In this method after the background subtraction and the instrumental corrections, the Fourier transforms of the measured profiles are fitted by the product of the theoretical functions of size and strain broadening. The calculation of the theoretical funtions is based on a model of the microstructure. In this model it is assumed that the crystallites have spherical shape with log-normal size distribution and the lattice strain is caused by dislocations. The procedure is based on five fitting parameters in the case of cubic crystals: (i) the median (m) and (ii) the variance (V of the log-normal size distribution function, (iii) the dislocation density (U, (iv) the effective outer cut-off radius of dislocations, R e , and (v) the parameter q describing the average dislocation contrast factors and the edge or screw character of dislocations. The higher the value of R e relative to the average distance between the dislocations (U ), the weaker the dipole character and the screening of the displacement fields of dislocations [12] . The area-weighted mean crystallite size is calculated from m and V as [7, 9] :
(1) Figure 1 . The X-ray diffraction pattern of the alloy deformed by HPT straining for 0.5 revolution.
Results and discussion
The X-ray diffraction pattern of the alloy deformed by HPT straining for 0.5 revolution is shown in logarithmic intensity scale in Fig. 1 . As it can be seen from the figure the main phase is the Al solid solution. The lattice parameter of the aluminium solid solution is 0.40721r0.00002 nm which is higher than the value for pure Al, 0.40494 nm. This is probably resulted from the solution of the larger Mg atoms into the Al lattice. Assuming that the increase of the lattice constant is caused only by the Mg solute atoms, the Mg concentration in the solid solution is obtained to be 5.38r0.03 at.% which is less than the nominal value of 5.9 at.%. In the tail parts of 111 and 200 reflections of the Al solid solution, the peaks of minor phases are observed. For the sake of better visibility, a part of the diffractogram in Fig. 1 is shown in a wider 24 scale in Fig. 2a Normalised amplitude 'L=200 nm Table 1 . The median, m, the variance, V, of the crystallite size distribution, the area-weighted mean crystallite size, <x> area , the dislocation density, U, the outer cut off radius of dislocations, R e , and the weighted least-squares error, R wp , for different revolutions of HPT straining. The area-weighted mean crystallite size as a function of the number of revolutions is plotted in Fig. 4 . It can be established that the HPT straining technique resulted in nanocrystalline state with crystallite size of 54 nm even after 0.5 revolution. A slight decrease of the size of the crystallites can be observed up to 5 revolutions but afterwards it goes into saturation. The dislocation density has a high value even after 0.5 revolution, 1610 14 m -2 , and it increases slightly with the increase of the number of turns. The character of dislocations can be obtained from the value of the q parameter. The q parameter values in aluminium for pure screw and edge dislocations of the 110!{111} slip system are 1.33 or 0.36, respectively [11] . The experimental values of the q parameters obtained for the present HPT deformed alloys are listed in Table 1 . For all the specimens the value of q is lower than the arithmetic mean of the q parameter values corresponding to the pure edge and screw cases. This indicates that the dislocations have more edge than screw character. A definite tendency of the decrease of the q parameter with the number of rotations can be observed, indicating that the edge character becomes stronger with increasing deformation. The outer cut off radius of dislocations, R e , decreases with the number of revolutions (see Table 1 ) which means that the dipole character of the dislocations increases, i.e. the screening of the strain field of adjacent dislocations becomes stronger with the deformation. The grain size was determined from Number of revolutions TEM micrographs for all the specimens and plotted in Fig. 4 . It can be established that the values of the crystallite size obtained by X-ray peak profile analysis is somewhat smaller than the grain size determined by TEM.
Conclusions
The microstructure produced by HPT straining in Al-5.9%Mg-0.3%Sc-0.18%Zr alloy was studied by X-ray peak profile analysis. It was found that nanostructure was formed even after 0.5 revolution with a crystallite size of 54 nm and with very high dislocation density of 1610 14 m -2 . The size of the crystallites decreased and the dislocation density increased slightly when the number of turns increased. The edge and dipole character of the dislocation structure became stronger during deformation. After 5 revolutions the microstructure did not change with the increase of turns.
